The aim of the work was to optimize the hydrolysis conditions of wheat straw by complex enzyme preparation from Fennellia sp. 2806 with endo-, exoglucanase, xylanase and -glucosidase activities. Bioconversion of wheat straw was carried out by an enzyme preparation obtained from the culture filtrate of Fennellia sp. 2806. The two methods of statistical optimization of the experiment -the Plackett-Burman (determination of significant factors) and Box-Behnken (determination of optimal values of defined significant factors) methods were used consequentially to optimize the hydrolysis conditions. Endo-, exoglucanase, xylanase and -glucosidase activities were assayed in enzyme preparation. Reducing sugars were determined by the modified Bertrand method. As a result of two-stage optimization of the bioconversion process of wheat straw by enzyme preparation from Fennellia sp. 2806, it was found that the highest reducing sugars values were formed at temperature 50 C, pH 5.0, substrate concentration 100 mg/ml, endoglucanase activity -0.012 u/mg substrate, process duration -18 h and pre-treatment by 4.5% alkali solution with further exposure to a microwave irradiation 6 W/g WS for 10 min. So it was established that temperature, pH, substrate concentration, pre-treatment of wheat straw by alkali solution and microwave irradiation were the significant factors for the hydrolysis process of substrate by enzyme preparation from Fennellia sp. 2806. Reducing sugars concentration was increased 1.5-2.0 times compared with the results obtained for the native wheat straw.
Hydrolysis of agriculture plant residues by fungal enzymes allows receiving sugar mixtures. These enzymes can be used in the process subsequent or simultaneously bioconversion of the substrate with yeast to ferment to ethanol. The amount of reducing sugars (RS) formed in reaction depend on many process parameters -such as type of lignocellulosic substrate, degree of milling, temperature and pH of the medium, the ratio of substrate/buffer, the presence and conditions of pre-treatment of the substrate by physical, chemical or biological methods, the duration of the process, the composition of enzyme preparation, presence of mixing process, etc. As a result, it is possible to obtain sugar mixtures with a concentration of RS up to 70 g/l, in which glucose can make up to 50% of the total amount of sugars [1] [2] [3] [4] [5] .
In recent years, the chemometric optimization methods have become widespread due to such advantages as a significant reduction in the time and cost of experiments. These methods allow creating mathematical models for assessing compliance, the statistical significance of the impact of the investigated factors and the interaction effects between factors. In addition, in the presence of significant effects of the interaction between factors, the optimal conditions established in classical one-dimensional studies can be differ from the results of multidimensional optimization and be less relevant than the last ones.
The first step of multidimensional optimization is to check the factors being studied by a full or partial factor experiment, for example, by Plackett-Burman design. After determining the relevant factors, the optimal conditions are achieved through the use of more complex three-level designs -the Doehlert matrix, the central composite design and Box-Behnken design [6] [7] [8] [9] . Since the comparison of response surface methodology obtained with these designs showed that the Box-Behnken is the most effective of the above mention and was chosen for the second step of optimization of WS bioconversion process.
The aim of this work was to optimize the hydrolysis conditions of wheat straw with enzyme preparation from Fennellia sp. 2806 with endo-, exoglucanase, xylanase and -glucosidase activities.
Materials and Methods
The object of the study was selected strain of the microscopic fungus Fennellia sp. 2806, which synthesizes cellulo-and xylanolytic enzyme complex [10] . Strain was grown on potato-glucose agar for 10-14 days at 22-26 C. The inoculum was cultivated in a potato-glucose medium under submerged conditions at 22-26 C for 48 h [11] .
To obtain the enzyme preparation (EP) microscopic fungus was cultivated under submerged conditions at 22-26 C for 4 days, the amount of inoculum -5%. Composition of the nutrient medium (g/l): milled wheat straw (WS) -50.0; NaNO 3 -1.0; KH 2 PO 4 -4.0; KCl -3.0; MgSO 4 7 Н 2 О -0.5; yeast extract -0.5; peptone -0.1; urea -0.5; (NH 4 ) 2 SO 4 -0.05; FeSO 4 7 H 2 O -0.005; MnSO 4 -0.001.
Partially purified enzyme complex was prepared from culture filtrate (CF) Fennellia sp. 2806 by precipitation with ammonium sulfate (85% saturation), decanted, centrifuged for 10 min at 3000 rpm. The precipitate was dissolved in 50 mM citrate buffer (pH 5.0) and used for hydrolysis of the WS.
Preliminary processing of milled WS was carried out by a complex physical and chemical method, consisting of treatment with a solution of NaOH with simultaneous microwave irradiation, followed by washing from alkaline with distilled water to neutral pH and drying to constant weight.
Hydrolysis of pre-treated WS was carried out by EP, diluted to appropriate value of endoglucanase activity, 40-60 C and pH from 4.0 to 6.0 using 50 mM citrate buffer. The amount of RS was determined in filtered from straw liquid for 18-30 h by Bertrand method [11] . The eight factors were used to determine significant for hydrolysis parameters of WS in Plackett-Burman design ( Table 1 ). All variants of the experiment were performed in triplicate. The main influencing variables for RS formation in WS treatment with enzyme preparation were determined and further used in Box-Behnken design ( Table 2) .
Statistical analysis of data and the creation of experimental designs were carried out using the MiniTab 16 software (Minitab Ltd. UK).
The determination of mono-and disaccharides in hydrolysates was carried out by the method of ascending thin-layer chromatography on Sorbfil PTSC-AF-A-UV (RF) in a solvent system of isopropanol: ethyl acetate: water (7: 2: 1) on silica gel plates. The developer was methanolic solution (83 ml) of 30% orthophosphoric acid (15 ml), diphenylamine (2 mg) and aniline (2 ml) [12] .
Endoglucanase activity was determined at 50 C and pH 5.0 by hydrolysis of 2.0% solution of Na-CMC (Sigma) after 30 min incubation of 0.5 ml of diluted EP with 0.5 ml substrate, exoglucanase -filter paper (16 cm) for 60 min [13] , xylanase -1% solution of beech xylan (Sigma) for 5 min [14] . The RS in the reaction mixture after the enzymatic hydrolysis of Na-CMC, filter paper or xylan was determined using a DNS reagent (Sigma) [15] .
One unit of endo-, exoglucanase or xylanase activities were defined as the amount of enzyme catalyzing the release of 1 μmol of glucose or xylose equivalent per 1 min under given conditions respectively.
-Glucosidase activity was determined by incubating 100 μl of diluted EP with 100 μl of 10 mM p-nitrophenyl-d-glucopyranoside (pNPG) (Sigma) in 200 μl of 50 mM acetate buffer (pH 5.0) at 50 C for 10 min [16] .
One unit of -glucosidase activity was defined as the amount of enzyme that produced 1 μmol of p-nitrophenol per 1 min under given conditions.
Results and Discussion
It is known that the main influencing factors on realize of RS in the hydrolysis process of cellulosic substrates by enzyme preparations are the temperature and pH of the medium, which tend to coincide with the optimum temperature and pH of the action of enzymes that hydrolyse -glucoside bonds [4, 17] . Therefore, we have previously determined the optimal conditions for the various components of the enzyme preparation from Fennellia sp. 2806 [18] . Critical for the process of hydrolysis of lignocellulosic substrates are the ratio between the substrate and the liquid phase, the activity of the preparation, the duration of the hydrolysis, and the method of pre-treatment of the substrate.
According to the literature, preliminary treatment of lignocellulosic substrate by physical and chemical methods contributes to the enhancement of the efficiency of enzymatic hydrolysis [1] [2] [3] [4] [5] . Our preliminary results from the study of EP from Fennellia sp. 2806 confirmed the significant effect of pretreatment of WS on its bioconversion [19] .
The method of pre-treatment also affects the process of hydrolysis. Thus, the treatment of lignocellulosic substrates with alkali, in contrast to the widespread use of acids, ensures not only a more effective increase in sites for the action of enzymes, but also promotes the removal of lignin, an inhibitor of cellulases and xylanases (while acids generally favor the separation of hemicellulose). In this case, no toxic products which are characterize of acid hydrolysis, such as furfural [2, 4, 20] , are formed.
In addition, the combined method of the substrate pre-treatment, used by us reduces the duration and intensity of chemical treatment compared to other methods [21] . Therefore, to determine the optimum conditions for the hydrolysis of pretreated WS by EP from Fennellia sp. 2806, the parameters mentioned above were studied ( Table 1) . The design and the results of the experiment are presented in Table 3 .
As a result, it was found that practically all investigated factors were significant for the hydrolysis of wheat straw, except the enzymatic activity of the diluted preparation and the duration of the process (Fig. 1) .
To a large extent, the amount of RS affected the temperature and pH of the medium. Pretreatment conditions were significantly less affect RS formation during the hydrolysis of the substrate in the valid range. Thus, the model equation to determine the predicted quantities of RS to be formed as a result of enzymatic hydrolysis of WS, had the following form:
Note: the designation of factors in accordance with Table 1 .
Thus, the results of experimental and theoretical calculations of RS amount are presented in Table 3 . The predicted data obtained from the equation of the mathematical model, diverge from the experimental ones more than the value of the statistical error, for some values the difference exceeded 10% from the RS pred . A particularly significant difference between the predicted and experimental values of the RS was in the central area of the experimental design. This fact indicates the presence of extremums in the investigated range of factors and the need for describing the surface of the response of higher order functions, in particular, the central composite or the Box-Behnken design (BBD). The BBD has been used to further optimization of reducing sugars formation in wheat straw conversion process with the enzyme preparation from Fennellia sp. 2806. For this purpose, four factors from previously studied were selected (Table 2 ). Since these optimum conditions for hydrolysis, such as temperature and pH of the medium, coincide with the optimum of the action of the individual components of the enzyme complex, it was decided not to investigate them and to concentrate attention on the conditions of WS pre-treatment. The analysis of preliminary data on the influence of power and duration of microwave irradiation indicates that it is advisable to combine them into one -the irradiation power that affect WS during 10 min.
The results obtained for optimization of hydrolysis conditions by BBD (Table 4) confirm the presence of extremums on the response surface in the investigated range of influencing factors. The obtained design equation of the response surface is much better describes the process than the previous one. According to this equation, the optimal parameters are: alkali concentration -4.5%; total irradiation power -6 W/g of WS for 10 min; substrate concentration -100 mg/ml; the concentration of the enzyme preparation is 0.012 U/mg of the substrate.
It is known that in the process of hydrolysis of lignocellulosic agriculture waste by enzyme preparations with cellulolytic and xylanolytic activities produce different amounts of reducing sugars: rice (straw, husk) 25-90 g RS/l, wheat (straw) -220-320 g glucose/kg, sugar cane (shoots) 12-50 g RS/ l, manioc (husk) 14-15 g glucose/l, rape (straw) 85-90, Miscanthus -65, corn (stems) 18-55 g/l [1, 2, 5, 20, [22] [23] [24] [25] . The main reason for this, in our opinion, may be differences in the ratio of different types of cellulose (crystalline and amorphous) and lignin in the substrate which is related to the species of the plant, different conditions of cultivation, the age of crops, as well as the method of pre-treatment of the substrate [3, 5, 26] . Note: here and in Table 4 * -the difference between the predicted and experimental values of the RS does not exceed 10%;
A -temperature; B -рН; C -NaOH concentration; D -power of microwave irradiation; E -duration of microwave irradiation; F -WS/EP; G -duration of hydrolysis; H -carboxymethyl cellulase (CMCase) activity;
Endoglucanase activity of EP = 7.6 ± 0.47 U/ml (1.33 ± 0.15 U/mg of protein). Increasing the concentration of substrate from 7.5% to 20% leads to rise in the amount of RS from 28 to 68 g/l for 24 h of cultivation and from 30 to 80 g/l for 72 h [5] . Using of commercial cellulase preparations for hydrolysis of plant residues allows obtaining more than 60 g RS/ l. The amount of EPs used ranges from 5 to 40 U/g substrate for exoglucanase activity (typically 15-20 U/g substrate). The increase in the amount of enzyme preparation from 5 to 40 U exoglucanase activity/g of substrate results in an RS increase by 2-15 times, and allows obtaining of RS values 35-44 g/l, depending on the kind of substrate [3] . In our studies we used partially purified EP from a natural fungal strain with an exoglucanase activity of 1.8-2.8 U/g of WS, which is considerably less (up to 20 times) than mentioned above.
In addition, it should be noted that at a stirring rate of 100-150 rpm and a process time ranging from 48 to 72 h, the concentration of RS reaches 25-90 g/l, while in the case of poor stirring or absence of the mixing, in some cases, the process was extended to 120 h, with the amount of RS, as a rule, was lower than 20-25 g/l. In our experiments, the concentration of RS was 16-20 g/l for up to 30 h and increased to 23-26 g/l for 48 h, which was shown by us earlier [19] . It's known that the most effective enzymatic hydrolysis of lignocellulosic substrates occurs during the first 24 h (75-85%). In this case, glucose is up to 50% of the total amount of RS [1, 2, 4, 19, 20, [22] [23] [24] [25] [26] .
Since the bioconversion of the lignocellulosic substrate occurs in conditions of high temperature (45-50 C) and energyconsuming stirring, the expediency of continuing the process up to 48 h more is questionable. Taking into account that in studies of dynamics of bioconversion of pretreated WS by the EP from Fennellia sp. 2806 the value of the RS forming between 16 and 48 h did not exceed 30% [19] . Therefore, we consciously limited the duration of the hydrolysis of 30 h. Conversion of WS was carried out at temperature of 50 C and pH 5.0, wherein the EP activity decreased for 24 h: cellulolytic -by 45-50%, xylanase -85-90% [18] . As a result of optimization of the process of wheat straw hydrolysis, the amount of RS increased from 7.2-9.3 g/l [19] to 16.4-18.6 g/l, i.e. 1.5-2.0 times at 18-24 h.
The method of thin layer chromatography was used for determination of the main hydrolysis products of lignocellulosic substrates (pre-treated milled WS and corn cobs) (Fig. 2) . The main products of the bioconversion of the WS were, in accordance with TLC, glucose and xylose; while there was almost no formation of cellobiose -the main product of the action of cellobiohydrolases probably due to the high -glucosidase activity of the EP.
Thus, the optimal conditions for hydrolysis of WS by EP from Fennellia sp. 2806 were: temperature 50 С, pH 5.0, substrate concentration 100 mg/ml, concentration of EP for endoglucanase 0.012 U/mg substrate, duration of process 18 h, and pre-treatment of WS with 4.5% alkaline solution and microwave irradiation with power 6 W/g lignocellulosic substrate for 10 min. As a result, the levels of RS were increased by 1.5-2.0 times compared with the ones for the native WS.
Influencing factors for the process of WS hydrolysis by the EP were established. Optimization of the bioconversion process of the lignocellulosic substrate is an important stage in the study of hydrolysis conditions, with particular attention given to the conditions for substrate pre-treatment, the ratio of its amount and amount of liquid phase, and also the qualitative composition of individual enzymes in EP.
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